The present work investigates the normal and tangential peeling behaviour of a gecko spatula using a coupled adhesion-friction model. The objective is to explain the strong attachment and easy detachment behaviour of the spatulae as well as to understand the principles behind their optimum design. Using a computational model, it is shown that the "frictional adhesion" behaviour, until now only observed from seta to toe levels, is also present at the spatula level. It is also shown that the partial sliding of the spatula pad close to the peel front stretches the spatula thus increasing the stored strain energy and leading to high pull-off forces. The model also shows that there is an optimum range of the spatula pad thickness for which, irrespective of the peeling angle, the spatula detaches at a constant angle known as the critical detachment angle. The spatula readily detaches from the substrate by changing its shaft angle and then peeling vertically like a tape. Since the present computational model is not limited by the geometrical, kinematical, and material restrictions of theoretical models, it can be employed to study and analyse the adhesion behaviour of many similar biological adhesive systems.
Introduction
The underside of each digit on the gecko toes is populated by hundreds of thousands of microfibrils called setae, which further branch into hundreds of nanoscale spatula-like structures [1] [2] [3] . These spatulae adhere to the substrate using intermolecular van der Waals forces [4, 5] . In their pioneering work, Autumn et al. [4] measured that a single seta of a Tokay Gecko, [4] that at small peeling angles geckos generate high friction forces. Therefore, a number of studies attempted to model friction due to adhesion. Derjaguin [33] generalized Amontons' law to include an additional parameter to account for adhesion. Majidi et al. [34] proposed a friction model based on this generalized Amontons' law for microfiber arrays. Gravish et al. [35] found that the setae became more sticky with increasing velocity. Puthoff et al. [36] studied the effect of material properties and atmospheric humidity on dynamic friction of natural and synthetic gecko setal arrays. Many researchers have used cohesive zone models [37] [38] [39] [40] with friction according to Coulomb's law to analyse sliding. Recently, Mergel et al. [41] have developed two continuum contact models for adhesive friction that can capture sliding friction even under tensile loads. The first model, "Model DI", assumes that the sliding traction during adhesion is independent of the normal distance and is equal to a constant frictional shear strength, which is related to the maximum adhesive traction. In their second model, "Model EA", the sliding traction varies with the normal distance and is dependent on the normal traction.
Existing models have many shortcomings due to the intrinsic complexity of the gecko's hierarchical adhesion system. One of the aspects of gecko adhesion that has not been fully explored is the coupling of adhesion and friction at the spatula level. As such, the present work aims to model and understand coupled adhesion and friction in gecko spatula peeling. The peeling behaviour of a gecko spatula is studied here through a computational model. To the best of our knowledge, there has been no earlier detailed computational study in the literature that explores the coupling of adhesion and friction in gecko adhesion. For the present study, a combination of the adhesion model of Sauer and Li [22] and the friction model "Model EA" proposed by Mergel et al. [41] is used. A two-dimensional strip is considered to represent the gecko spatula as done by many other researchers [14, 17, 25] . The peeling of the strip is simulated within a nonlinear finite element framework.
Contact Formulation
In this section, the computational formulation for adhesive contact between the spatula and a flat rigid substrate is presented. The coarse grained contact model (CGCM) of [22] is used. The contribution of tangential friction due to normal adhesion forces is derived from one of the coupled adhesion and friction models viz."Model EA", of [41] (see Appendix A). The weak form governing the interaction of the deformable spatula with the rigid substrate can be written as 
where V represents the space of kinematically admissible variations of deformation field ϕ.
Here, δΠ ext denotes the virtual work of the external forces acting on the spatula. ϕ is defined as the motion mapping any arbitrary point X in the reference configuration Ω 0 of the spatula to the deformed current location x ∈ Ω and is given by x = ϕ(X).
The first term in Eq. (1) represents the internal virtual work of the Cauchy stress tensor σ. This can be obtained from the variation of the internal energy Π int , which is derived from the strain energy density function W as [23] 
In this study, a nonlinear Neo-Hookean material is considered, for which the strain energy density function W is given as
where Λ and µ are Lamé constants, F = Grad(ϕ) denotes the deformation gradient, and J = det(F ) the volume change. The contact traction t c in the second term of Eq. (1) is equal to the sum of the tractions due to adhesion, t a , and friction, t f , (see Appendix A for more details), i.e.
In CGCM, Sauer and Li [22] defined the following two material parameters that govern weak form (1),
where E 0 and R 0 represent the the energy density (or stiffness) and global length scale chosen for the system, respectively. A H denotes Hamaker's constant, and r 0 is the local length scale used to define the original Lennard-Jones potential as [42] 
where ǫ is an energy scale and r d is the distance between two points in the interacting bodies. The second parameter in Eq. (5), γ L , is the ratio of the global length scale R 0 used to normalize the geometry and the local length scale r 0 . From the definitions, it can be seen that, γ W characterizes the stiffness with respect to the strength of adhesion, whereas γ L characterizes the overall size of the geometry with respect to the range of adhesion.
It should be noted that γ W and γ L are related to the dimensionless Tabor parameter µ Tabor [43] , as
The weak form given in Eq. (1) is discretised using the finite element method leading to the nonlinear equilibrium equation [44] 
where f int , f c , and f ext denote the global internal, contact, and external nodal force vectors, which depend nonlinearly on the nodal displacement vector u. In the current work, f ext = 0 (see Appendix B for more details on the FE discretisation).
Spatula Model
The spatula is modelled as a thin two-dimensional strip, similar to many studies in the literature [14, 17, 25] . As such, the words "strip" and "spatula" are used interchangeably in the following.
Model parameters
The dimensions of the strip are L × h (with L = 200R 0 , h = 10R 0 where R 0 = 1 nm is introduced for normalisation) as shown in Figure 1 [45] . The bottom 75% of the strip surface ("AE" in Figure 1 ) is assumed to be in adhesion. Hence, "AE" is assumed to represent the pad of the spatula while "EC" is assumed to represent the spatula shaft. The area of the gecko spatula pad is taken as, 49, 524R The material of the strip is taken to be an isotropic non-linear Neo-Hookean material (see Eq. 2) with Young's modulus E = 2 GPa [14] and Poisson's ratio ν = 0.2 [23] . The corresponding forces are calculated using Eqs. (A.2) and (A.5) with r 0 = 0.4 nm and A H = 10 −19 J. The values considered for E, A H , and r 0 correspond to the gecko spatula material and the associated adhesion energy [14, 23, 27] . This results in γ W = 25.266 and γ L = 2.50. Initially, the friction coefficient is taken as µ s = 0.3 in agreement with experimental data on gecko seta friction on glass surfaces [4, 5, 32] .
The strip is discretised into 240 × 12 quadrilateral finite elements along the x and y directions. Enriched contact finite elements, Q1C4, are used at the contact interface [45] . Plane strain conditions are considered in all simulations.
Application of peeling
The strip, initially lying flat on the rigid substrate in its equilibrium position is peeled off from the substrate in two steps:
1. First, an external rotation angle θ is applied to the right end of the strip (CD) as shown in Figure 2a . The rotation angle θ is applied incrementally with step size ∆θ = 0.1 • .
2. After achieving the desired rotation angle θ = θ sh on the right end of the strip (CD), a displacementū is applied to that end at an angle which is denoted as peeling angle θ p , see Figure 2b . Here,n represents the normal to cross-section CD. This displacementū is applied such that u x =ū cos(θ p ) and u y =ū sin(θ p ). This results in a zero displacement in the lateral direction (90 • − θ p ), i.e., along CD. Due to this, the resulting force F res is non-parallel toū. 
Results and Discussion
In this section the numerical results of the spatula peeling are presented, and the effect of various parameters -such as the peeling angle θ p , strip thickness h, shaft angle θ sh , and material stiffness -on the peeling behaviour is discussed. The resultant pull-off force corresponding to the applied displacementū is denoted as F res and its normal (adhesive) and tangential (frictional) components are denoted by F N and F T (or F f ), respectively. It should be noted that the resultant force angle α, which is the angle the resultant force vector makes with the substrate and is defined as tan Figure 2b) , is different from the peeling angle θ p . This is due to the fact that the strip has non-zero bending stiffness and is restricted laterally as is noted in section 3.2. It should also be noted that unless mentioned otherwise the peeling angle θ p and spatula shaft angle θ sh are taken as equal and are simply denoted by θ in the following discussion.
Description of the peeling curve
The peeling of the spatula from the substrate for any given peeling angle can be divided into two phases. This can be illustrated with the help of Figure 3 , where the evolution of (2)) with the applied displacementū for peeling angle θ = 60 • .
the normal pull-off force and the dimensionless strain energy (see Eq. (2)) with the applied displacementū for θ = 60
• are shown. The first phase is from the point of zero pull-off force (denoted by point "A") to the maximum value of the pull-off force (denoted by point "C"). The second phase is from point "C" to the snap-off point from the substrate (denoted by point "F"). The corresponding points on the strain energy curve are represented by "a" to "f". Figure 4 shows the strip deformation at the displacements marked in Figure 3 . In the first phase, the spatula remains in partial sticking contact and is being continuously stretched while peeling (Figures 4a, 4b , and 4c). Moreover, in this phase, a part of the spatula pad behind the peeling front, that is still in contact, starts sliding as the spatula is pulled by the applied displacement. However, the rest of the spatula pad remains in sticking contact. This leads to stretching of the spatula, resulting in an increase in the stored strain energy of the spatula as shown in Figure 3 . As a result, this increases the force required to peel-off the spatula from the surface. After reaching the force maximum, the spatula pad is fully sliding during peeling (Figures 4d, 4e, and 4f). In this second phase, the strain energy that has been stored during the first phase, is gradually released (see Figure 3 ).
Influence of the peeling angle
The evolution of the normal (F N ) and tangential (F T ) (which is equal to the interfacial friction force F f ) components of the pull-off force with the applied displacementū, for various pre-rotated configurations is shown in Figures 5 and 6 . For all cases, both normal and tangential force increase up to a maximum value, and then decrease after that, and this maximum value decreases with increasing peeling angle. This can also be seen from Figure 7 , where the maximum values of the normal component F N , tangential component F T , and the resultant/net pull-force F res (corresponding to point C in Figure 3 ) for different peeling angles are plotted. It can be observed that the friction force is the major contributor to the total force generated by the spatula. As mentioned in section 4.1, the stretching of the spatula increases the strain energy and, as seen in Figure 8 , this increase is much higher when the spatula is pulled at low peeling angles as compared to high peeling angles. From these results combined with those in Figures 5, 6 , and 7 it can be stated that the stretching of the spatula due to partial sliding close to the peel front leads to the increase in pull-off forces at small peeling angles. These results confirm the hypothesis of Labonte and Federle [18] that the partial sliding of the attached spatula pad could be one of the reasons for increased pull-off forces at small peeling angles.
The maximum normal (F respectively, are observed for θ = 10
• . Although there have been no direct measurements of forces at the spatula level in the literature, Autumn et al. [4, 5] observed a maximum friction force of approx. 200 µN and a maximum normal force of 20 − 40 nN for a single seta. Taking the number of spatulae per seta to be 100 − 1000 [14] , the maximum friction and normal forces for a single spatula are estimated to be 200 − 2000 nN and 20 − 400 nN, respectively. The values, 727.02 and 84.3 nN obtained here, fit well within these ranges. It should be noted that the curve for θ = 90
• corresponds to applying the displacementū on the right end CD in the y-direction while it is constrained in the x-direction. Hence, this is not equivalent to pulling the strip with a force acting perpendicular to the substrate. This results in the generation of considerable friction forces.
The values of the maximum friction force (727.02 nN) and maximum normal adhesion force (84.3 nN) at θ = 10
• obtained in this work might appear to be an overestimation when summed over the maximum limit of 1000 spatulae per seta. However, when a seta attaches to a substrate after perpendicular preload and a parallel drag [4] it is not clear as to whether all the spatulae adhere to the surface or not. It is also doubtful that all the spatulae reach their force maximum at the same time during detachment. In the experiments of Huber et al. [46] only a fraction of all spatulae adhered to the substrate. This shows that not all the spatulae adhere even after a considerable parallel drag of the seta. Moreover, even if all the spatulae are in contact with the substrate, it is not clear as to at what angles spatulae shafts are inclined and at what angles they experience pull-off. Based on the setal density and branching characteristics, it is estimated that there are around 512 spatulae per seta [36] . To get an estimate of the total friction force per seta, two different spatula distributions are considered here. In the first distribution (Figure 9a ), spatulae follow a fairly normal distribution and experience the applied displacementū at a mean angle of 50
• . By summing the maximum frictional forces per spatula at different peeling angles for this distribution, a total friction force of 140 µN per seta is obtained. Similarly, for the distribution in Figure 9b , in which 60% of total spatulae are inclined and experience the applied displacementū at angles ≤ 30
• , the total friction force per seta is equal to 230 µN. Hence, it is reasonable to conclude that the maximum frictional force of 200 µN measured by Autumn et al. [4] has to be understood as the summation of all the spatulae interactions accounting for different spatulae inclinations and pulling angles. However, as pointed out by Puthoff et al. [36] , it should be noted that the spatula distribution and the pull-off forces follow a more sophisticated statistical principles than the rough estimates considered here.
The dependency of the maximum pull-off force on the corresponding force angle α (at point C in Figure 3) as obtained by the current model is compared with that of Kendall's peeling model [16] and the frictional sliding model of Jagota and Hui [7] in Figure 10 . It can be observed that the current coupled adhesion-friction model predicts pull-off forces larger than those of both these models. This is due to the non-zero bending stiffness of the strip. Also, as α increases, all the three curves approach each other. However, even for vertical pulling i.e. α = 90
• , the effect of non-zero bending stiffness still contributes to slightly larger pull-off forces and is discussed in section 4.5. The influence of the bending stiffness on the peeling behaviour of a strip is studied in detail by Sauer [24] and Peng and Chen [47] . 
Critical detachment angle
Autumn et al. [32] have observed that irrespective of the applied load, at each level in the hierarchy of the gecko adhesive system, the structures detaches from the substrate when the angle between the resultant force vector and the substrate α, equals the critical detachment angle α * . This critical detachment angle varies among seta (α * seta = 30
• ), arrays of seta (α * array = 24.6 ± 0.9 • ), and toe (α * toe = 25.5 ± 0.2 • ). Similarly, in the current study, it is observed that irrespective of the peeling angle θ p , the spatula detaches from the substrate at an average detachment angle of α * spatula = 25.64
• as shown in the Figure 11 . Figure 11 also shows that the angle of the resultant pull-off force changes throughout the peeling process for different peeling angles. However, at the instant when the strip detaches from the substrate, the resultant force angle is equal to the critical detachment angle i.e., α = α * spatula . Figure 12 shows the plot of the resultant force angle at detachment for different peeling angles θ. It can be seen that for all the peeling angles it is very close to the critical detachment angle α * spatula = 25.64
• . According to the "frictional adhesion" 3 model of Autumn et al. [32] , the normal adhesive force is limited by the frictional force and the critical detachment angle α * , and is given as,
In the current work, where α * spatula = 25.64
• , the friction force must always be greater than 1.8 times the normal adhesive force according to Eq. 9. From, the maximum resultant pulloff forces shown in Figure 7 , it is clear that during attachment, the ratio of the friction force to normal force is always more than 1.8. For θ p = 10
• , the maximum value of the friction force can be as high as 8.6 times the maximum value of the normal force. This supports the experimental observations of Autumn et al. [48] , that when they adhere to a substrate, geckos generate much greater forces (a shear force of 5 times adhesive force was measured by 3 The present authors prefer the term "adhesive friction" as the frictional forces result from the adhesive forces according to the coupled adhesion-friction model used here (see Eq. (A.4)). [48]) than that are required for them to stay attached to the substrate according to Eq. (9) . From these results, it can be concluded that adhesive friction, starting with spatular level, is present at all hierarchy levels in the gecko adhesive system. In this section the influence of bending stiffness on the critical detachment angle is studied by varying the strip thickness h and the material stiffness (via material paramter γ W ). Figure 1 ) with the applied displacementū at different peeling angles for different values of strip thickness h.
Influence of bending stiffness on the critical detachment angle
In Figure 13 the variation of the critical detachment angle α * with peeling angle θ p for different h is shown. It can be observed that, in general, as the strip thickness decreases the spatula detaches at higher angles. However, the behaviour of the spatula to detach at a constant angle (equal to the critical detachment angle α * ) irrespective of the peeling angle θ, is observed only for thickness values of 5 − 10 nm. For large thickness values i.e, h = 12 and 15 nm, it is found that the spatula does not detach at a constant angle for all peeling angles. Instead, for large strip thickness, at high peeling angles, θ ≥ 75
• , the detachment angle is considerably higher than that of low peeling angles θ ≤ 60
• . In order to understand this behaviour, the displacement of point A (see Figure 1) as a function the applied displacement u is plotted in Figure 14 for different peeling angles θ and strip thickness. It can be observed that for large strip thicknesses and large peeling angles, there is no full sliding of the spatula after the force maximum is reached. For θ = 85
• sliding of the spatula is not observed for both h = 12 and 15 nm. Correlating these results with those in Figure 13 , it can be observed that full sliding of the spatula is needed for an invariant critical detachment angle α * . The electron microscopy analyses of Rizzo et al. [49] revealed that the spatula pad of Tokay Gecko is only around 10 nm thick. Persson and Gorb [50] also suggested that the spatula pad thickness is approximately 5 − 10 nm, making it compliant enough to adhere to any kind of substrate. The results in Figure 13 reveal that the small spatula thickness is essential for detachment at a constant angle. In this regard, h = 10 nm is an optimum: it is the largest h with invariant α * . The bending stiffness can also be varied by changing material parameter γ W defined in Eq. (5). Figure 15 shows the variation of the critical detachment angle α * with peeling angle θ for different values of material parameter γ W . The original γ W is increased and decreased by a factor of 1.5, which corresponds to either decreasing the material stiffness or increasing the strength of adhesion by 1.5. It can be seen that the critical detachment angle generally increases as γ W decreases. However, similar to the results in Figure 13 , as γ W increases, the critical detachment angle is not invariant anymore. The general trend that the critical detachment angle increases with decreasing strip thickness or increasing material stiffness is also obtained by Chen et al. [17] in their theoretical study. Our results also agree well with the experimental observations of Schubert et al. [51] , that stiffer fibrillar structures detach at lower critical angles than softer structures. Despite generating high attachment forces, geckos can detach from a substrate in just 20 ms and with very small force [48] . However, from the results discussed so far, it can be observed that the spatula detaches at a low angle of 25.64
Vertical pulling and spatula detachment
• but requires high pull-off forces. Also, the high pull-off forces are mainly due to large friction forces. So, in order to facilitate quick detachment with small force, the frictional forces should vanish. This can be achieved by applying a displacementū in the vertical direction on the right end of the strip (CD) and not constraining the right end in lateral (i.e. x-) direction. This type of peeling is referred to as "vertical pulling" in the following. The evolution of the corresponding resultant forces with the applied displacementū for various shaft angles θ sh is plotted in Figure 16 . For this case, the tangential forces are observed to be zero. It can also be observed that, as the shaft angle increases, the maximum pull-off force decreases. The maximum pull-off force is lowest for θ sh = 90
• and is equal to 6.26 nN. This value is close to the value of 10 nN observed by Huber et al. [46] , and is within the range of 2 − 16 nN obtained experimentally by Sun et al. [52] for vertical pulling of the spatula. These results also match well with the results of [24] , in which the peeling of an elastic thin film is studied using a computational beam model. Therefore, gecko spatulae can detach with very small amount of force by changing the shaft angle θ sh to 90
• and then peel like a tape perpendicular to the substrate as shown in Figure 17 . Figure 16 shows that when the spatula is pulled vertically from its initial configuration i.e. θ sh = 0
• the maximum pull-off force is approx. 14 nN. Whereas, according to Kendall's peeling model [16] , the pull-off force required for detachment for vertical pulling is only 10 nN. This underestimation by Kendall's peeling model, as also mentioned in section 4.2, is due to the fact that Kendall's model does not consider the effect of bending stiffness of the spatula. However, models which actively incorporate the effect of bending stiffness [24, 47] estimate even larger pull-off forces. For example, Sauer [24] predicts a pull-off force of approx. 18 nN for vertical pulling from the initial configuration.
Conclusions
The peeling behaviour of gecko spatulae is studied using a two-dimensional strip model. A continuum-based coupled adhesion-friction formulation implemented within a nonlinear finite element framework is employed to investigate the peeling behaviour of the spatula. It is shown that during peeling, the spatula stretches due to partial sliding of the spatula pad at the peel front leading to an increase in the strain energy of the spatula. This in turn increases the amount of maximum pull-off force required to detach the spatula from the substrate. It is also shown that the spatula exhibits the behaviour known as "frictional adhesion" in the literature. It is found that irrespective of the peeling angle, for sufficiently small strip thickness, the spatula detaches from the substrate at a constant angle called critical detachment angle. In this regard the spatula thickness h = 10 nm is found to be an optimum. The spatula detaches from the substrate with much less force by peeling vertically at a shaft angle equal to 90
• . The influence of different parameters on the peeling behaviour of the spatula is studied here and their results are summarised in Tables 1 and 2 . Since the present computational model is not limited by the geometrical, kinematical, and material restrictions of theoretical models, it can be employed in the future to study rate effects, seta peeling, and peeling of other biological adhesive systems. To obtain the contribution of friction due to normal adhesive forces, "Model EA" of [41] , is used. If the magnitude of the tangential traction T f = T f exceeds a certain sliding threshold T slide , the surfaces no longer stick together and start sliding. Before defining the sliding threshold, a cut-off distance g cut , which is the distance up to which the frictional forces are active between the interacting surfaces, is defined as
where, g max is the distance at which the absolute value of the adhesive traction (T a = T a ) given by Eq. (A.2) is maximum and g eq is the equilibrium distance at which the magnitude of the adhesive traction becomes zero. Then, the sliding threshold is defined as,
where J cl is the local surface stretch of the neighbouring body (= 1 if the neighbouring body is rigid) and g n = g n = r s is the normal gap. In this work, it is assumed that the friction coefficient µ s is the same for sticking and sliding.
Then, the tangential contact traction T f (g n , g T ) is a function of both normal gap g n and tangential slip g T and depending on whether the bodies are sticking or slipping, it satisfies the following condition
= T slide for sliding, < T slide for sticking, (A.5)
Friction laws are usually solved with a predictor-collector algorithm as described in [53] (also see Appendix B).
The third term in Eq. (1) containing the contribution of the total contact traction t c can then be rewritten in the reference configuration as the sum of the contributions of the normal adhesive traction T a and tangential frictional traction T f as
where dA represents the differential area in the reference configuration Ω 0 .
Appendix B. Finite Element Formulation
Here the finite element (FE) formulation used for the coupled adhesion-friction model, which is employed to analyse the peeling of a gecko spatula from a flat rigid substrate is presented. The predictor-corrector algorithm used to solve the constitutive equations for frictional contact is also detailed. Further, the surface enrichment strategy used in the FE discretisation is also presented. It should be noted that this is a deterministic formulation. The weak form in Eq. (1) is discretised using the finite element method. Therefore, the spatula is discretised into a number of volume and surface elements containing n e nodes (= n ve for a volume element and n se for a surface element, respectively). In each element, the displacement field u and its variation ϕ is then approximated by the interpolations
where u e and v e are the nodal displacement and variations in element e, and the matrix N e is a matrix formed by n e shape functions of the element and is given by where I represents the second order identity tensor. Using the relations in Eq. (B.1) and performing an assembly over all the volume and surface elements, the weak form in Eq. (1) can then be rewritten into
where f int , f c , and f ext denote the global internal, contact, and external nodal force vectors, respectively. In the current work, as there are no external forces acting on the spatula,
Since, the the variations v are arbitrary, Eq. (B.3) can be rewritten as
The where B e is an array that contains the derivatives of the n ve number of shape functions [54] and σ e is the elemental Cauchy stress tensor given by [55] 
where µ and λ are the Lamé's constants, F denotes the deformation gradient of the element, and J = detF the volume change. The elemental contact force vector acting on ∂ c Ω e is given as which can be transformed to the reference configuration using Nanson's formula, where n p denotes the surface orientation of the substrate and is constant for the flat, rigid substrate considered in the current work. Also, for gecko adhesion θ can be approximated as unity as shown by Sauer and Wriggers [44] . The elemental contact force vector in Eq. (B.9) can then be written as the sum of the contributions of the elemental force vectors due to normal adhesive traction T a and tangential
The nonlinear equation in Eq. (B.4), is solved iteratively using the Newton-Raphson method. Therefore, the tangent stiffness matrix k e c is formed by the elemental contributions and is given by (see [44] for a detailed derivation) 
Adhesion and Frictional tractions:
As described by Mergel et al. [41] , the adhesive traction T a is characterised by the following properties [44] :
• The equilibrium distance r eq = r 0 / 6 √ 15 at which the magnitude of the adhesive traction T a (r eq ) = T a (r eq ) = 0. Note, that this is the distance at which the strip is initially placed from the flat rigid substrate.
• The absolute maximum value of the adhesive traction occurs at r max = r 0 / 6 √ 5 and is given by As T a (r max ) is negative (i.e, attractive), r max is the global minimum of T a .
• The energy required to separate the spatula from the substrate can be obtained by integrating the work of adhesion per unit area w adh,∞ over the total undeformed surface area in adhesion. The work of adhesion is defined as the work required to fully separate the spatula from the substrate from the equilibrium position r s = r eq to r s = ∞ where the parameterγ ≥ 0 is computed from the Karush-Kuhn-Tucker conditions of plasticity given byγ ≥ 0, f s (T f ) ≤ 0,γ · f s (T f ) = 0 (B.24)
For solving Eq. (B.23) and Eq. (B.21), a predictor-corrector algorithm (see Algorithm 1) is used and is described in detail in [53] .
Enrichment strategy:
As discussed by Sauer [45] , in solving a strip peeling problem for the case of strong adhesion, numerical difficulties arise because of the highly nonlinear nature of the van der Waals forces. For coarse finite element meshes, the use of four-noded quadrilateral elements can lead to poor convergence in the Newton-Raphson iterations. These issues can be resolved by using a very fine mesh, which lead to undesirably high computational cost. In order to address this issue, Sauer [45] introduced various surface enrichment strategies. One of them is, surface enrichment based on p-refinement with fourth order Lagrange polynomials, denoted as Q1C4. This is employed in the current work. This means that, the contact elements of the spatula are discretised with Q1C4 finite elements whereas the bulk of the spatula domain is discretised using standard quadrilateral finite elements (denoted as Q1C1). The formulation for Q1C4 elements is developed from standard Q1C1 elements for which the displacement fields in an element are given as u 
